ABSTRACT By using Harada's method of nonlinear harmonic analysis, we have analyzed the latest version of the time ephemeris of Earth, TE405, provided by Irwin & Fukushima, which is the location-independent part of the two relativistic time scales, Barycentric Coordinate Time (TCB) and Geocentric Coordinate Time (TCG). We decomposed TE405 for its full period, 1600-2200, into a combination of a quadratic polynomial, 463 Fourier terms, and 36 mixed secular terms. The rms and the maximum of the residuals are 0.446 ns and 2.95 ns, respectively. By correcting for the effect of very long periodic terms, we determined the value of DL C , the Newtonian contribution of the Sun, Moon, and major planets to the mean rate between TCB and TCG, to be 1.4808268559 Â 10 À8 AE 6 Â 10 À18 .
INTRODUCTION
The time ephemeris of Earth is the central part of the relation connecting Terrestrial Time (TT) and the solar system Barycentric Coordinate Time (TCB). The former differs only in rate from the third major time scale, Geocentric Coordinate Time (TCG) . See IAU (1992 , 2001 ) for rigorous definitions of these time scales; Seidelmann & Fukushima (1992) for an explanation of the IAU recommendations; Fairhead, Bretagnon, & Lestrade (1988) and Fairhead & Bretagnon (1990) for the analytical procedures to obtain a time ephemeris; and Fukushima (1995) and Irwin & Fukushima (1999) for numerical techniques to establish time ephemerides. Irwin & Fukushima (1999) provided TE405, the most accurate time ephemeris created from the latest lunar and planetary ephemeris, DE405 (Standish 1998) , in the form of numerical tables with suitable software to interpolate values for any epoch. Of course, this should be used for work requiring the highest precision, such as the analysis of pulsar timings, range and range-rate data for interplanetary missions, and lunar laser ranging. However, there remains a need for more compact representations to realize time ephemerides at moderate precision, say, at the level of 1 ns or so. This is the reason that the International Earth Rotation and Reference Systems Service (IERS) Conventions (McCarthy 1996; McCarthy & Petit 2003 ) have adopted as their approximation a version of the analytical series, which we created from the midsize extension of Fairhead & Bretagnon (1990) with some modifications. For later reference, we call it FB2C. 1 Unfortunately, the existing analytical series expansions have significant and systematic differences from the correct time ephemerides. See Figure 3 of Irwin & Fukushima (1999) for several variations of the Fairhead & Bretagnon (1990) series. The residuals are large, even after the correction of a few periodic terms. (See x 4 of Irwin & Fukushima 1999 for a description of our struggle to find suitable corrections.) From the appearance of the residuals finally obtained in Figure 4 of that paper, we conclude that it is difficult to reduce such systematic differences by extending the analytical approaches.
Also, as was shown clearly in Fukushima (1995) and Irwin & Fukushima (1999) , the inaccuracy of the analytical approximations of time ephemerides introduces significant error in the determination of DL C , the Newtonian contribution of the Sun, Moon, and major planets to the mean difference in rate between TCB and TCG, defined as
where c is the speed of light in vacuum, U E is the Newtonian force function of the Sun, the Moon, and the nine major planets acting on Earth, v E is the solar system barycentric velocity of Earth, and the brackets denote a time average. This quantity is the major part of L C d(TCB À TCG)/ d TCB, which is one of the astronomical constants that plays a key role in the conversion between TCB-based and TT-based measurements of physical quantities. Recently, we developed a purely numerical treatment to decompose complicated time series such as time ephemerides into a combination of a low-order polynomial and a number of Fourier and mixed secular terms (Harada 2003) . As an application, we analyzed the time variation of two angles specifying the instantaneous orbital plane of the Earth-Moon barycenter around the Sun in DE405 and extracted the latest formula for planetary precession as their polynomial parts (Harada & Fukushima 2003) .
Then, using the same approach, we decomposed TE405. The target of our analysis is an overall accuracy of 1 ns throughout the period 1600-2200. In x 2, we provide the result of the decomposition. In x 3, we discuss the determination of DL C as a by-product.
ANALYSIS
In order to cover the whole period of TE405 (Irwin & Fukushima 1999 ), we picked up 73,000 data points spaced every 3 days starting from JD = 2,305,450.5. Here JD is ephemeris time (T eph ), the argument to DE405. Then we analyzed the data using our procedure of nonlinear harmonic analysis (Harada 2003) . The result is a sum of a quadratic polynomial, 463 Fourier terms, and 36 mixed secular terms.
The polynomial part is expressed as
where the coefficients are estimated as
in units of seconds. The variable was chosen such that the range À2 +2 corresponds to the period of data fitting, from JD = 2,305,450.5 to JD = 2,524,447.5; that is, JD À 2;414;949 54;749:25 :
The transformation from JD to allows for good separation of the coefficients. The presence of the quadratic term is meaningful if considering the magnitude of the term determined, 0.1 ls at J2000.0. On the other hand, the cubic and higher order terms are estimated to be insignificant. The Fourier and mixed secular terms are expressed as
where the coefficients S j , C j , S 0 k , and C 0 k and the frequencies ! j and ! k are listed in Tables 1 and 2 , respectively. The number of terms is J = 463 for the Fourier terms and K = 34 for the mixed secular terms. The set of frequencies is common to both tables, although their order of appearance is quite different. The longest period detected in Table 1 is 242.15 years (ID = 15). This is caused by the 8 : 13 nearcommensurability of the mean motions of Venus and the Earth-Moon barycenter.
The residuals from TE405 after subtracting our decomposition are shown in Figures 1 and 2 . No significant systematic trend seems to remain. Tables 3 and 4 compare our results with the existing analytical solutions, FBL (Fairhead et al. 1988 ), FB Bretagnon 1990), and FB2C (McCarthy 1996) . It is interesting that our numerical analysis detected two waves of similar frequency with periods of nearly 1 year, ID = 1 and ID = 2. The frequencies detected are close to those of the mean anomaly and the mean longitude of the Earth-Moon barycenter (EMB). The difference in frequency, the rate of change of the longitude of perihelion of the EMB, is so small-some thousandths of an arcsecond per century-that the existing analytical treatments expand its effect into mixed secular terms. This is the reason for the significant differences seen in Table 4 . Figure 3 shows the manner in which the rms residuals decrease for FB2C and our solution. We omit the curves for FBL and FB because they are almost the same as that for FB2C. Our decomposition is most successful, in the sense that the rms residuals decrease more smoothly than in the existing solutions.
DETERMINATION OF L C
In the previous section, we obtained a quadratic polynomial as the secular part of TE405. However, this betrayed our expectation that the secular part represents a linear motion. Thus, we conclude that the appearance of a quadratic term is due to the effect of very long periodic (VLP) terms that were detected with our method of analysis. Notes.-Listed are the 463 Fourier terms that we detected in TE405. They are given in order of decreasing magnitude of the total amplitude, (S 2 + C 2 ) 1/2 , so one may truncate the series at any level desired. Table 1 is presented in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for guidance regarding its form and content. Table 5 lists the periodic terms in FB2C with periods longer than 300 years, half the duration of TE405. Note that there is a purely quadratic term, whose index we set to be j = 0. This is an approximation of the effect of much longer periodic terms. Unfortunately, FB2C, as well as the original Fairhead & Bretagnon (1990) solution, did not provide the corresponding linear and constant terms. Therefore, they cannot be used in the correction of DL C . Thus, hereafter when referring to the listed VLP terms, we exclude the pure quadratic term, j = 0.
On the other hand, our result contains no periodic term whose period is longer than 250 years. In other words, our determination of the polynomial coefficients may have absorbed the effect of the VLP terms.
In order to remove the effect of this contamination, we took the difference of the VLP terms from FB2C and the quadratic term in our determination, P 2 2 , for the whole period of TE405. Then we fitted a linear polynomial to the difference by linear least squares. The determined Note.-Same as Table 1 , but for the mixed secular terms. The column '' ID '' indicates the term with the same frequency in Table 1 . Fig. 1 , but for the period 1960-2020, covering the modern and precise astronomical observations. The deviation is less than 1 ns for more than 99% of this period. The absolute maximum difference during this period is 1.58 ns.
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coefficients, in the sense VLP minus P 2 2 , are DP 0 ¼ ð1:296 AE 0:032Þ Â 10 À6 ;
Therefore, DL C is determined as DL C P 1 þ DP 1 54;749:25 Â 86;400 ¼ 1:4808268559 Â 10 À8 AE 6 Â 10 À18 : ð9Þ Table 6 shows a comparison of our result with previous studies.
The uncertainty in the correction DP 1 is larger than that in P 1 by more than four digits. In order to refine the above estimate, we would have to reduce the error due to the VLP terms, say, by extending the period of analysis much further.
Of course, it was desirable to change the base planetary and lunar ephemeris from DE405 to its longer version, DE406, spanning 6000 years. Unfortunately, the nonlinear harmonic analysis was quite time-consuming, to the extent that we could not complete the task with our computing facilities. However, this is a challenging approach for the near future, to clarify the nature of very long periodic variations of the time ephemeris.
CONCLUSION
Using a nonlinear method of harmonic analysis, we have decomposed TE405 into a quadratic polynomial, 463 Fourier terms, and 36 mixed secular terms. The decomposition reproduces the original TE405 at the level of 1 ns for 1960-2020, as can be seen in Figure 2 . By correcting for the effect of the very long periodic terms listed in Table 5 , we determined DL C precisely as DL C = 1.4808268559 Â 10 À8 AE 6 Â 10 À18 . This value is consistent with existing determinations if the uncertainties are taken into account. Although the detailed results of the decomposition are given by equation (2) and Tables 1 and 2, we recommend Notes.-We compared all the periodic terms in FBL (Fairhead et al. 1988) , FB (Fairhead & Bretagnon 1990) , and this work whose amplitudes can be larger than 1 ls for 1900-2100. We omit the results from FB2C, since they are the same as FB except for the frequencies of the three largest terms, whose differences are much less than the deviations observed here. Underscores show the digits that are the same as ours. Given in parentheses are the uncertainties in the last digit. The first column refers to the identification of the terms in Table 1 . McCarthy 1996) . There were no significant differences between the result from FB2C and those from FBL (Fairhead et al. 1988 ) and FB (Fairhead & Bretagnon 1990 ). Notes.-Listed are periodic terms in the FB2C series with periods longer than 300 yr. Note that FB2C contains a purely quadratic term, with index j = 0 in the t 2 sin part, which was obtained by expanding much longer periodic terms. See the original descriptions in Fairhead et al. 1988 and Bretagnon 1990 . 
